Corpus striatum neurons acutely dissociated from the brains of young adult rats had membrane surfaces suitable for Gi-seal recording. Whole-cell current-clamp and voltage-clamp recordings indicated that the cells remained electrically excitable after dissociation. Cell-attached recordings frequently revealed single-channel openings in the presence of dopamine or of the D2 dopamine agonist quinpirole. Channel openings were rarely or never observed in the absence of drugs or in the presence of quinpirole plus the dopamine antagonist haloperidol. The D2 antagonist spiperone was more potent at blocking the appearance of the channel than was the D1 antagonist SCH-23390. The channel reversal potential varied with the extracellular K+ concentration as predicted by the Nernst equation. The channel currentvoltage relationship was linear, with a conductance of m85 pS in the presence of 140 mM KCL. These results are consistent with the opening of single K+ channels following D2 dopamine receptor activation.
The corpus striatum (caudate and putamen) is a major postsynaptic target of dopaminergic projections in mammalian brain (1, 2) . Because of the role of dopamine in the actions of antipsychotic drugs (1, 2) and because of the potential usefulness of studying these actions with single-molecule resolution, we have studied the effects of dopamine at the singlechannel level.
Patch-clamp recording in adult mammalian brain has been hampered by the need for dissociated cells. One way to obtain dissociated cells is to work with cultured embryonic tissue (3) . However, rat striatal dopamine receptor radioligand binding sites are largely absent in the neonate and do not reach adult levels until =28 days after birth (4) . A method has been described for enzymatically splitting the hippocampus along the pyramidal cell layer (5) but may not be useful for brain regions such as the striatum, which are not organized into cellular layers.
Kay and Wong (6) have described a method for acutely dissociating adult guinea pig brain, based upon trypsin treatment in a slightly acidic Pipes buffer. Kay et al. (7) and Huguenard and Alger (8) have used this method to record from guinea pig hippocampal pyramidal neurons. We have made minor modifications in their procedure to dissociate striatal neurons of young adult rats. We report here that we have used these dissociated cells to obtain an initial description at the single-channel level of the actions of dopamine in mammalian brain.
METHODS
Dissociation. This procedure is based upon the methods of Kay and Wong (6 possible to obtain 4 or 5 good cell-attached recordings per day, with somewhat fewer recordings in the whole-cell configuration.
Whole-cell current-clamp and voltage-clamp recordings indicated that the cells remained electrically excitable after dissociation (Fig. 2 ). For 22 cells tested in the current-clamp mode, the mean resting membrane potential was -55 mV (range, -75 to -40 mV), and the mean input resistance was 700 Mfl (range, 200 Mfl to 1.6 GQ). Action potentials ( Fig.  2A) had a mean amplitude of 99 mV (range, 84-116 mV), a rate of rise of 209 V/sec (range, 72-420 V/sec), and a duration (at -40 mV) of 1.5 msec (range, 0.5-4.8 msec). Voltage-clamp recordings (n = 14 cells) revealed fast inward and delayed outward currents (Fig. 2 B-D) . For the total inward current, the mean peak amplitude was 6.0 nA (range, 1.0-8.1 nA), with a threshold at -49 mV (range, -65 to -40 mV). For the total outward current, the mean amplitude 3 nA (range, 1.8-8.8 nA) ; the threshold was -35 mV (range, -60 to -15 mV). Outward current showed partial inactivation within 75 msec in 6 of 14 cells (data not shown). Whole-cell currents and potentials showed a marked run-down after =5 min; the above data were all obtained within 5 min of beginning the recording.
When cell-attached recordings were performed with 140 mM KCI inside the patch electrode, no channel openings were seen at the resting membrane potential (Fig. 3A) . (The KCI in the pipette is expected to depolarize the cell by not more than 1 mV, based upon the relative areas of the pipette tip and the cell surface.) In contrast, when the pipette also contained 10 AM of either dopamine or the D2 dopamine agonist quinpirole (10, 11), channel activity was frequently observed (Fig. 3B) . Channels typically spent a high percentage of the time in the open state, often in prolonged bursts, and there was frequently more than one channel per patch. When the pipette contained 10,M haloperidol, a dopamine antagonist and antipsychotic drug (1,2) (Fig. 3C ), in addition to quinpirole, cells displaying channels were observed less frequently (15% versus 71%, Table 1 ).
Since it was not possible to change the solution inside the electrode, we tested a number of cells with various pipette solutions ( Table 1 ). Because the presence or absence of channel activity correlated with the presence or absence of dopamine receptor activation, there is a high probability that this channel was activated by dopamine receptors. Since spiperone, which selectively antagonizes D2 receptors as well as some nondopaminergic receptors (1, 2, 11), was more potent at preventing the observation of channels than was the selective D1 antagonist SCH-23390 (11, 12) (Table 1) , these receptors appear to be of the D2 subtype. In preliminary experiments, we did not observe channel openings when 10,uM quinpirole was applied in the bath rather than in the pipette (zero cells responding of four tested).
Channel openings were observed over a wide range of patch membrane potentials (Fig. 4A , n = 23 cells), approaching zero amplitude as the patch was depolarized by 40-60 mV (similar to resting membrane potentials seen in whole-cell recordings, suggesting a patch potential near 0 mV, with K+ roughly isotonic). The current-voltage relationship was linear, with a channel conductance of =85 pS in the presence of 140 mM KCI (Fig. 4B) . With further depolarization the recording became noisy; discrete outward channel openings were not seen. When the pipette K + concentration was reduced from 140 mM to 40 mM, the extrapolated reversal potential of the channel shifted to =15-25 mV above resting potential (Fig. 4B , n = 5 cells). 
DISCUSSION
We have described single-channel openings associated with D2 dopamine receptor activation, by using acutely dissociated rat corpus striatum neurons. This acute preparation made possible the use of cells from rats sufficiently mature to be expected to have adult levels of dopamine receptors (4) . Because trypsin was used in the dissociation procedure, one must be aware of the possibility of an alteration of cell properties by proteolysis. We found, however, that the cells appeared to retain chemoresponsivity to dopamine and had whole-cell electrophysiologic parameters consistent with those observed in striatal cells by using intracellular recording with microelectrodes (13) . The one exception was the high input resistance, which can be accounted for by the loss of dendritic membrane and by GQi-seal recording conditions, as noted by others using dissociated cells (6, 8) . It is not clear whether the dissociation selected for some subpopulation of striatal neurons.
We employed the cell-attached configuration when we examined the effects of dopaminergic compounds, so as not to risk losing any second messenger or other cytoplasmic component that might be necessary for a response. Drug solutions were placed inside the recording electrode, rather than in the bath outside the patch. We could thus rule out the possibility that channel openings we observed occurred secondarily to a change in membrane potential, and we were less likely to overlook channels coupled directly to the receptor without a diffusible second messenger. (Our preliminary experiments with bath-applied quinpirole should be interpreted with caution for these reasons and because of the small number of cells.) However, a disadvantage of our approach is that we could not change the pipette solution during an experiment, to observe a single cell before and after drug application. We, therefore, tested a number of cells with various pipette solutions; our results indicate that there was a high probability that channel openings were associated with receptor activation.
The receptors associated with these channels showed pharmacologic properties of the D2 dopamine receptor subtype, as indicated by the efficacy of quinpirole and the greater potency of spiperone than SCH-23390. We found, however, that sulpiride, a highly selective D2 antagonist (11) , was relatively ineffective as an antagonist in our experiments (Table 1) . Although this fails to provide further support for a D2 subtype, it could be due to the fact that we used a high K+,Na+-free solution to resolve large singlechannel currents, whereas sulpiride, unlike most dopamine antagonists, requires a high Na+ medium for antagonist activity (14) .
Changing the pipette K + concentration from 140 to 40 mM is predicted by the Nernst equation to shift the reversal potential of a K+ channel by 32 mV, assuming that resting membrane potential and internal K+ concentration were consistent from cell to cell. (These assumptions are potentially large sources of error.) The observed shift of -30-35 mV supports permeability to K + but does not rule out permeability to other ions as well.
Under physiological conditions, increased K + permeability is expected to give rise to an outward current resulting in hyperpolarization. D2 dopamine autoreceptors in the substantia nigra are known to mediate an inhibitory response (15, 16) Neurobiology: Freedman and Weight associated with an increased K+ conductance (16, 17) . Although pre-and postsynaptic dopamine receptors may differ (18) , it is possible that both these responses are mediated by the channel described here. However, both inhibitory (18, 19) and excitatory (20) (21) (22) responses have been attributed to D2 receptors in the striatum and other postsynaptic regions. Thus, our present results in no way rule out the existence of additional channels also controlled by D2 receptors.
Our data suggest that D2 receptor activation opens these single K+ channels. Further experiments will be needed to determine whether these channels are directly gated by the receptor or are coupled to the receptor through calcium, guanine nucleotide-binding regulatory proteins, or a second messenger system. Indeed, single-channel recording offers a useful approach for studying the mechanisms of action of dopamine in mammalian brain.
